Mounting evidence suggests that the etiology of autism spectrum disorders (ASDs) is profoundly influenced by exposure to environmental factors, although the precise molecular and cellular links remain ill-defined. In this study, we examined how exposure to valproic acid (VPA) during pregnancy is associated with an increased incidence of ASD. A mouse model was established by injecting VPA at embryonic day 13, and its behavioral phenotypes including impaired social interaction, increased repetitive behaviors and decreased nociception were observed at postnatal days 21-42. VPA-treated mice showed dysregulation of synaptic structure in cortical neurons, including a reduced proportion of filopodium-type and stubby spines and increased proportions of thin and mushroom-type spines, along with a decreased spine head size. We also found that VPA-treatment led to decreased expression of phosphate and tensin homolog (PTEN) and increased levels of p-AKT protein in the hippocampus and cortex. Our data suggest that there is a correlation between VPA exposure and dysregulation of PTEN with ASD-like behavioral and neuroanatomical changes, and this may be a potential mechanism of VPA-induced ASD.
Introduction
Fetal valproate syndrome (FVS) results from prenatal exposure to valproic acid (VPA), a widely used mood stabilizer and a broad-spectrum anti-convulsant [1] . Children with FVS exhibit a significant increase in the rate of developmental problems and present with decreased verbal intelligence, frequently in combination with communication problems associated with autism spectrum disorders (ASDs) [2] [3] [4] . The diagnostic criteria for ASDs is based on behavioral deficits. The fifth edition of Diagnostic and Statistical Manual of Mental Disorders (DSM-5) categorizes the symptoms of ASDs into two domains: (i) social interaction and social communication deficits and (ii) restricted, repetitive patterns of behavior, interests, or activities [5] . Recently, a VPA-induced mouse model of ASD has been developed that incorporates these two behavioral domains of ASD symptoms [6] , thus serving as a powerful tool to study the neurological aspects of environmentally induced ASD.
The molecular mechanisms underlying the behaviors of VPAtreated mice have been explored and imply that genes such as brain-derived neurotrophic factor [7] , neuroligin 1 [8] , neuroligin 3 [9, 10] , and genes involved in monoamine synaptic transmission [11, 12] are related to ASD. As shown in our previous report, mice injected with VPA at embryonic day 13 (ED 13) show early behavioral abnormalities from postnatal days (PND) 5 to PND 13 and display decreased levels of the PTEN protein and an increased p-AKT/AKT ratio [13] .
PTEN, a tumor suppressor gene that is best known for its roles in cellular survival and proliferation, has recently gained traction in its association with ASDs [13] [14] [15] [16] [17] [18] [19] [20] . PTEN mutations have been linked to neurological disorders, such as Lhermitte-Duclos disease, mental retardation, seizures and macrocephaly, as well as ASDs [21] [22] [23] . A PTEN mutation was recently documented as a causative factor for ASDs and PTEN conditional knockout studies have validated the link between ASDs and PTEN [16] [17] [18] . PTEN is considered a susceptibility gene for ASDs, and PTEN mutations may account for as many as 5% of cases of ASD associated macrocephaly and 1% of ASD cases [13, 23] . PTEN is expressed at high levels in neurons and plays a vital role in regulating neuronal functions and deletion of PTEN during CNS development induces hypertrophy of neuronal dendrites and spines [24, 25] . Interestingly, primary cultured cortical neurons from E18 fetuses exposed to VPA show an increase in total dendritic spine density and a significant decrease in PTEN expression [13] .
In this study, fetal exposure to VPA results in autistic-like behavioral changes, neuroanatomical transmutation and concomitant alterations in PTEN expression that extends to post-weaned mice. More importantly, we show a change in the spine morphology in cortical neurons and show a continuous correlation between an environmental inducer and a potential genetic marker in ASDs. Moreover, we associate in utero exposure to VPA to autistic-like behaviors and PTEN expression in distinct regions of the brain.
Materials and methods

Animals
All animal procedures were performed according to the National Institutes of Health Guidelines for the Humane Treatment of Animals and were approved by the Institutional Animal Care and Use Committee of Seoul National University (IACUC No. SNU-130319-01). BALB/cCrSlc mice were obtained at ED 12 from Central Lab Animal Inc. (Seoul, Korea). On ED 13, 7 pregnant mice received a single subcutaneous injection of 600 mg/kg VPA sodium salt (Sigma, St. Louis, MO, USA). Five control mice were injected with an equal amount of saline. After the pups were born, the mother and pups were housed together until weaning on PND 18. After weaning, the male pups were housed in groups of 2-4 as previously described [7, [26] [27] [28] . Behavioral tests were performed on PND 21-42 ( Fig. 1 ).
Behavioral tests
Social recognition test in the home cage
Pups (SAL, n = 7; VPA, n = 9) were removed from the home cage at PND 28 and placed into an empty cage; a transparent plastic apparatus (13.5 × 6.2 × 15.6 cm) was placed into the home cage without bedding. Pups were re-introduced to the home cage and after 10 min of free exploration, an age-matched BALB/cCrSlc mouse (stranger) was placed in the apparatus. The test mice were then allowed to explore the stranger mouse for an additional 10 min. The entire sequence was recorded by a digital camera and was analyzed for the frequency and total time spent in each zone and the number of nose pokes using Ethovision 8.5 software (Noldus, Wageningen, The Netherlands). Analyses were performed by an independent researcher who was blind to the group allocations.
Three-chamber social interaction test
PND 30 pups (SAL, n = 9; VPA, n = 9) were introduced to the three-chamber social interaction apparatus (40 × 20 × 12 cm), which is an acrylic box partitioned into three chambers. The openings between the compartments allow the animals to access all three chambers. In the first phase, a pup from SAL or VPA group was placed in the three-chambered apparatus and was allowed to explore the environment freely for 10 min for habituation. After the habituation phase, the subject was gently guided to the center chamber, and the two entrances were blocked. Two small containers with either an object (Object) or an age-matched BALB/cCrSlc mouse (Stranger 1) were placed in the left and right chambers. Then, the two entrances were opened to allow the mouse in the center to explore the new environment freely for 10 min. In the third phase, the test mouse was gently guided to the center chamber again, and the entrances were blocked. The Object was replaced with an age-matched BALB/cCrSlc mouse (Stranger 2), and the test mouse was then allowed to explore Stranger 1 and 2 for additional 10 min. Time spent in each chamber was measured using Ethovision 8.5 software (Noldus, Wageningen, The Netherlands). Individual movement tracks were analyzed by using Ethovision. We evaluated the Sociability Index (SI) [29] , which is defined as the ratio between the time spent in the chamber with the stranger mouse and time spent in the chamber with the object during the second phase of this test.
Self-grooming test
PND 25 (SAL, n = 9; VPA, n = 9) pups were placed in a clean empty plastic cage (31.5 × 19 × 14 cm), for a total of 20 min. Bedding was not used to prevent digging behavior. Each mouse was given a 10 min habituation period in the empty cage and then the cumulative time spent grooming was rated and recorded by a digital camera, the data were analyzed for the frequency and total duration of self-grooming behavior using Ethovision 8.5 software (Noldus, Wageningen, The Netherlands). Analyses of motor stereotypies were performed by an independent researcher who was blind to the group allocations. Between each testing period, the cage was cleaned with 70% ethanol, allowed to dry for 5 min, and wiped down with a clean paper towel.
T-maze test
The T-maze apparatus is a T-shaped arena with 3 arms (starting arm, left and right goal arms) surrounded with a wall (each arm is 30 × 15 × 7 cm). PND 38-39 mice (SAL, n = 9; VPA, n = 9) were moved to the testing room in their home cages, and after 10 min, the trial started when the mouse was placed in the start arm facing the goal arms. Once the mouse chooses a goal arm, the mouse was confined by placing a center piece (7 × 7 x 15 cm) into the center. After 30 s, the mouse was removed and placed back into its home cage. After 1 min, the mouse was returned to the starting arm and was again allowed to choose between the two open goal arms. After making the second choice, the mouse was moved back to its home cage and the trial ended. Another trial was repeated after a 1 h interval. On day 2, two more trials were performed, resulting in a total of 4 trials over 2 days. The results were recorded as the alternation ratio, which was calculated by dividing the number of trials in which the animal chose different arms by the number of total trials.
Open field test
PND 35-36 mice (SAL, n = 9; VPA, n = 8) were placed in the center of the chamber (40 × 40 × 40 cm) at the beginning of the test and its movements were recorded with a video camera for 5 min. The total distance traveled and the number of times the mouse crossed the center zone were analyzed using Ethovision 8.5 software (Noldus, Wageningen, The Netherlands).
Elevated plus-maze test
The elevated plus-maze consists of two open arms, two closed arms (arms are 8 cm wide, 25 cm long) and a center area, elevated to a height of 50 cm above the floor. PND 42 mice (SAL, n = 8; VPA, n = 9) were placed in the center area and allowed to explore the arena for 5 min. The test was recorded and analyzed using Ethovision 8.5 program (Noldus, Wageningen, The Netherlands).
Tail suspension test
PND 23 mice (SAL, n = 9; VPA, n = 9) were suspended 30 cm above the floor by adhesive tape placed on approximately 1 cm from the tip of the tail. The test was recorded for a 10 min period by a digital camera and analyzed using Ethovision 8.5 software (Noldus, Wageningen, The Netherlands). The total duration of immobility, which is defined as a lack of movement of all four limbs and the head, and the latency to the first immobile period were used as parameters.
Thermal nociception test
PND 21 pups (SAL, n = 8; VPA, n = 9) were placed on a 50 • C hot plate and the latency to lick or flick its hind paw was recorded. Pups displaying a lack of response at up to 1 min were recorded as 1 min and were removed from the hot plate to prevent tissue damage. Two trials were conducted on each pup with an interval of more than 10 min.
Tissue preparation
After completing the series of behavioral tests, mice were deeply anesthetized and immediately transcardially perfused with PBS containing heparin. For morphological analyses, one hemisphere was fixed with an 4% paraformaldehyde solution for 24 h, incubated in a 30% sucrose solution for 72 h at 4 • C and then sequential 20 m coronal sections were cut on a cryostat (Cryotome, Thermo Electron Cooperation) and stored at 4 • C. For western blotting, the other hemisphere was quickly frozen on dry ice and stored at −70 • C. Tissues were lysed in RIPA buffer containing a protease inhibitor cocktail (Roche, Basel, Switzerland).
Golgi-Cox staining
Mouse brains were processed using the FD Rapid Golgi Stain kit (FD Neurotechnologies, Columbia, MD, USA). Briefly, brains were rapidly removed from deeply anesthetized mice, washed in distilled water, and immersed in an impregnation solution for 2 weeks at room temperature. After incubation with cryoprotectant solution, transverse sections through the left hippocampi (60 m thick) were cut on a cryostat (Shandon Cryotome FE Thermo Scientific, Waltham, MA, USA) and mounted on gelatinized glass slides (silane-coated slides: Muto Pure Chemical, Tokyo, Japan; gelatin: Sigma, St. Louis, MO, USA). Sections were counterstained with cresyl violet (Sigma, St. Louis, MO, USA), rinsed with distilled water, dehydrated, and mounted with Permount (DAKO, Glostrup, Denmark). The number of spines on apical dendrites of pyramidal neurons in the 2nd and 3rd layers of the somatosensory cortex, which were isolated from those of neighboring neurons, were counted within 50-100 m segments on the secondary dendrites that extended at least 40-80 m beyond the cell body (soma). Images were acquired with an LSM 510 confocal microscope (Carl Zeiss, Oberkochen, Germany). Images were inverted and assembled into stacks, processed, segmented, detected, and created into a 3D rendring using ImageJ software. All settings were maintained consistent values for all samples. Spines were manually categorized from the 3D construct and counted using the cell counter plugin in Image J and were classified into subtypes based on width and length of spine [30] by two investigators who were blind to the groups allocations and averaged.
Histological staining and immunohistochemistry
Nissl staining
Twenty micrometer sections containing the cortex and hippocampus were obtained using a cryostat (Shandon Cryotome FE Thermo Scientific, Waltham, MA, USA) and mounted on slides. The sections were air-dried for 3 h and placed in 1:1 ratio of absolute ethanol and chloroform overnight. Sections were then rehydrated by immersion in 100% and 95% alcohol, followed by distilled water and then stained with a 0.1% cresyl violet (Sigma, St. Louis, MO, USA) solution for 5-10 min. Slides were then quickly rinsed with distilled water, differentiated in 95% ethyl alcohol for 12 min, and checked under a microscope to obtain the best results. Sections were dehydrated by two rinses in 100% alcohol for 5 min each, incubated with xylene (Samchun, Gyeonggi-do, Korea) twice for 5 min each, mounted with permanent mounting medium (DAKO, Glostrup, Denmark) and protected with a coverslip. Digitized images of the Nissl-stained sections were obtained with an LSM 510 confocal microscope (Carl Zeiss, Oberkochen, Germany) using the same settings for all samples. The number of Nissl-positive neuronal cells in the hippocampus was manually counted by an investigator who was blind to the group allocations. The total cell counts were averaged from at least three sections per animal.
Immunohistochemistry
Twenty micrometer sections containing cortex and hippocampus were obtained using a cryostat (Shandon Cryotome FE Thermo Scientific, Waltham, MA, USA) and mounted on slides. Sections were mounted on slides, boiled in citric acid, pH 8.5, for 1 h, and then blocked with a blocking solution containing 5% horse serum (Thermo Scientific, Waltham, MA, USA), 5% BSA (Bovogen, Melbourne, Australia) and 0.03% Triton X-100 (Samchun, Gyeonggi-do, Korea). Sections were then incubated with the following dilutions of antibodies overnight: PTEN (Santa Cruz Biotechnology, Dallas, TX, USA) 1:200, MAP2 (Santa Cruz Biotechnology, Dallas, TX, USA) 1:200 and DAPI (Invitrogen, Carlsbad, CA, USA) 1:1000. After the overnight incubation, samples were washed 3 times with 1x PBS and incubated with a secondary antibody for 1 h. Images of the immunofluorescence staining were acquired with an LSM 510 confocal microscope (Carl Zeiss, Oberkochen, Germany) using the same settings for all samples.
Western blot
Fifty or one hundred micrograms of protein from the cerebral cortex or hippocampus lysed in RIPA buffer were loaded onto denaturing 10-15% SDS-PAGE gels and transferred to nitrocellulose membranes (Millipore, MA, USA). Each membrane was then incubated with 5% skimmed milk or 5% bovine serum albumin for 1 h at RT, followed by an overnight incubation with appropriate primary antibodies (PTEN antibody, Santa Cruz Biotechnology, Dallas, TX, USA; phosphorylated-AKT (p-AKT) antibody, Cell Signaling Technology, Danvers, MA, USA; and beta-actin antibody, Santa Cruz Biotechnology, Santa Cruz, CA, USA) The membrane was then incubated with HRP-conjugated secondary antibodies (goat anti-rabbit antibody, Invitrogen, Carlsbad, CA, USA; sheep anti-mouse antibody, Abcam, Cambridge, MA, USA) for 1 h at RT. The HRP signals were visualized using the WestSave chemiluminescent detection kit (AbFrontier, Seoul, Korea).
Statistical analysis
All data are presented as the means ± SEM. Experiments with two groups were analyzed with independent or paired t-tests using SPSS 23 software (IBM, Chicago, IL, USA), as appropriate. The Welch- (E) Both SAL and VPA mice did not show a preference for zone A or zone B in the three-chamber social interaction test during the habituation period. (F) SAL mice spent more time with the stranger mouse than with the object, whereas VPA mice did not show a preference for the stranger mouse or the object. (G) The sociability index was significantly lower for VPA mice than for SAL mice. (H) SAL mice spent more time with the stranger mouse than with the familiar mouse, whereas VPA mice did not discriminate between familiar and stranger mice. The data are presented as the means ± SEM (*p < 0.05, **p < 0.01, ***p < 0.001).
Satterthwaite correction was used when the results of Levene's test indicated an unequal variance.
Results
VPA mice showed impairments in social interaction and communication
We used the social recognition test to assess the interaction between the subject and a novel mouse as a paradigm of social interaction [31] . After introducing a novel mouse into the home cage ( Fig. 2A) , the time the test mouse spent near the novel mouse (zone A) or away from it (zone B) was measured. Compared with the control group (SAL), the VPA-exposed mice (VPA) spent significantly less time near the stranger mouse (Fig. 2B , SAL, 0.811 ± 0.020 s, n = 7; VPA, 0.564 ± 0.044 s, n = 9; independent t-test, t(14) = 4.62, ***p < 0.001). Social communication in rodents heavily relies on olfactory cues [32] . Therefore, an observer scored the time spent sniffing (nose pokes) the novel mouse to provide a more specific measure of social investigation during the test session, because sniffing and close physical contact contribute to communication in social interactions between mice. Compared with SAL mice, VPA mice showed significant decreases in both the duration (Fig. 2C , SAL, 138.04 ± 12.60 s, n = 7; VPA, 90.25 ± 10.50 s, n = 9; independent t-test, t(14) = 2.94, *p < 0.05) and the frequency (Fig. 2D , SAL, 64.71 ± 6.69, n = 7; VPA, 36.00 ± 3.39, n = 9; independent t-test, t(14) = 4.10, **p < 0.01) of nose pokes.
We also tested the three-chambered social interaction test, which tests an animal's preference and sociability by allowing it freely choose whether to spend time with a stranger mouse or an object, or with a familiar mouse or a stranger mouse [33] . Similar to the SAL mice, VPA mice showed no preference between zones A and B during the habituation period (Fig. 2E , SAL: zone A, 186.8 ± 36.6 s, n = 9; zone B, 167.5 ± 16.8 s, n = 9; paired t-test, t(8) = 0.38, p = 0.718; VPA: zone A, 154.1 ± 21.8 s, n = 9; zone B, 171.4 ± 27.5 s, n = 9; paired t-test, t(8) = −0.67, p = 0.523). However, unlike the SAL mice, VPA mice showed no preference between the stranger mouse and the novel object (Fig. 2F , SAL: zone A, 262.14 ± 20.99 s, n = 9; zone B, 155.17 ± 13.67 s, n = 9; paired t-test, t(8) = 3.37, **p < 0.01; VPA: zone A, 203.81 ± 29.57 s, n = 9; zone B, 227.35 ± 39.08 s, n = 9; paired t-test, t(8) = −0.37, p = 0.723). Furthermore, based on the social index, VPA mice showed significantly lower sociability than SAL mice (Fig. 2G , SAL, 1.84 ± 0.26, n = 9; VPA, 1.12 ± 0.19, n = 9; independent t-test, t(16) = 2.25, *p < 0.05). Upon the introduction of a second stranger mouse, SAL mice spent more time with the new stranger mouse compared to the familiar mouse. In contrast, VPA mice showed no preference between familiar and stranger mice (Fig. 2H , SAL: zone A, 154.89 ± 14.77 s, n = 9; zone B, 203.47 ± 16.54 s, n = 9; paired t-test, t(8) = −3.15, *p < 0.05; VPA: zone A, 182.76 ± 19.11 s, n = 9; zone B, 168.38 ± 10.93 s, n = 9; paired t-test, t(8) = 0.58, p = 0.578). These results indicate that VPA mice may display deficits in social interaction and communication.
VPA mice exhibited repetitive and abnormal stereotyped behaviors
Since repetitive behavior is required for the diagnosis of ASDs, we measured lower-order repetitive behaviors such as grooming, circling, and walking backwards, and higher-order repetitive behavior such as the index of perseveration using spatial tasks. Compared to SAL mice, VPA mice showed a significantly increased frequency of self-grooming (Fig. 3A , SAL 5.56 ± 0.85 s, n = 9; VPA 14.78 ± 1.09 s; n = 9; independent t-test, t(16) = 6.67, ***p < 0.001), although we did not observe a significant difference in the duration of self-grooming between the SAL and VPA groups (Fig. 3B , SAL 69.1 ± 10.4 s, n = 9; VPA 74.6 ± 12.6 s, n = 9; independent t-test, t(16) = −0.33, p = 0.744). Moreover, VPA mice showed a significant increase in abnormal motor stereotypies, such as circling (Fig. 3C , SAL, 1.56 ± 0.24, n = 9; VPA, 6.78 ± 1.2, n = 9; independent t-test, t(8.65) = −4.27, **p < 0.01) and walking backwards (Fig. 3C , SAL, 0.33 ± 0.17, n = 9; VPA, 2.11 ± 0.42, n = 9; independent t-test, t(10.42) = −3.91, **p < 0.01). Perseverative behavior, a typical higher-order repetitive behavior that is often found in patients with ASDs, is characterized by the continuation of a response in the absence of its purpose and is known be caused by poor mental flexibility [34] . The T-maze test, a clearer test of the perseverative hypothesis, is analyzed by counting the number of repeated entries into the same arm [35, 36] . Compared to SAL mice, VPA mice showed a stronger inclination toward repetitive sameness (Fig. 3D , SAL, 0.722 ± 0.088, n = 9; VPA, 0.333 ± 0.110, n = 9; independent ttest, t(16) = 2.76, *p < 0.05). Although the T-maze task is also used to evaluate cognitive function in memory-related disorders [37] , VPA mice show an alternation ratio of less than 0.5 (random selection), suggesting a perseverative behavior rather than a cognitive impairment [38, 39] . Based on these results, VPA mice show higher-and lower-order repetitive behaviors, which is an ASD-related phenotype.
VPA mice did not express changes in anxiety or depressive behaviors but did show a reduced sensitivity to pain
We next analyzed the immobility time and the latency to the first immobile period using the tail suspension test, which mea- sures despair, anxiety and depressive behaviors [40] . No differences in immobility (Fig. 4A, SAL 35 .60 ± 8.10 s, n = 9; VPA 54.44 ± 16.84 s, n = 9; independent t-test, t(16) = −1.01, p = 0.328) or the latency to immobility (Fig. 4B , SAL 50.67 ± 23.32 s, n = 9; VPA 16.54 ± 3.63 s, n = 9; independent t-test, t(8.39) = −1.45, p = 0.184) were observed between groups. In the open field test, we did not observe significant differences in the total distance traveled (Fig. 4C , SAL 1916.6 ± 221.1 cm, n = 9; VPA 2538.7 ± 296.3 cm, n = 8; independent t-test, t(15) = −1.71, p = 0.108) or in the frequency of center crossings (Fig. 4D, SAL 3 .56 ± 1.44, n = 9; VPA 6.62 ± 1.74, n = 8; independent t-test, t(15) = −1.37, p = 0.192) between the SAL and VPA groups. In the elevated plus maze test, VPA mice did not show a significant difference in anxiety-related behaviors compared to SAL mice (Fig. 4E, closed arms ; SAL, 243.1 ± 5.99 s, n = 8; VPA, 205.9 ± 15.77 s, n = 9; independent t-test, t(10.23) = 2.21, p = 0.051; open arms; SAL, 34.08 ± 5.82 s, n = 8; VPA, 52.46 ± 13.68 s, n = 9; independent t-test, t(15) = −1.18, p = 0.256). Based on the results of the battery of depression and anxiety-related behavioral tests, VPA mice do not exhibit changes to anxiety or depressive behaviors.
Since a subgroup of patients with ASDs show reduced sensitivity to pain [41] , we submitted SAL and VPA mice to the thermal nociception test, a test used to which assesses sensitivity to acute thermal stimulation [42] . We found that VPA mice showed a significant increase in the latency to paw licking behaviors (Fig. 4F , SAL, 28.59 ± 1.94 s, n = 9; VPA, 46.07 ± 3.01 s, n = 9; independent t-test, t(16) = −4.88, ***p < 0.001), this result is consistent with the data from previous reports using VPA rats [43, 44] .
VPA exposure caused neuronal loss in the CA1 region of the hippocampus
As shown in our previous report, VPA mice exhibited a decrease in brain volume and an increased brain to body ratio on ED 18 and PND 13 [13] . Interestingly, in the present study, VPA mice continued to show a significant reduction in both brain (Fig. 5A , SAL, 0.490 ± 0.004 g, n = 5; VPA, 0.458 ± 0.004 g, n = 19; independent t-test, t(22) = 4.19, ***p < 0.001) and body weight (Fig. 5B , SAL, 27.41 ± 0.56 g, n = 5; VPA, 23.45 ± 0.34 g, n = 19; independent t-test, t(22) = 5.46, ***p < 0.001) as well as a significant increase in the brain/body weight ratio (Fig. 5C , SAL, 0.0179 ± 0.0002, n = 5; VPA, 0.0196 ± 0.0002, n = 19; independent t-test, t(22) = −4.72, ***p < 0.001) at PND 57. Using Nissl staining, we next assessed neuroanatomical changes in the hippocampus using Nissl staining in VPA mice (Fig. 6A) . We counted the Nissl-positive cells in each sec- tion of the hippocampus. We did not observe a significant difference in the total numbers of Nissl-positive cells between groups (Fig. 6B , SAL 4130.1 ± 226.0, n = 18; VPA 4027.8 ± 171.138, n = 18; independent t-test, t(34) = 0.36, p = 0.721). When classified into regions, no differences in the number of Nissl-stained cells were observed in the dentate gyrus and CA3 regions of the hippocampus between the VPA and SAL mice. However, the CA1 region of the VPA mice had fewer Nissl-positive cells than the same region in the SAL mice (Fig. 6C , DG: SAL, 1805.8 ± 91, n = 18; VPA, 1971.5 ± 112.7, n = 18; independent t-test, t(34) = −1.14, p = 0.261; CA3: SAL, 891.4 ± 64.7, n = 18; VPA, 878.6 ± 46.4, n = 18; independent t-test, t(34) = 0.16, p = 0.873; CA1: SAL, 1432.8 ± 87.4, n = 18; VPA, 1177.7 ± 62.3, n = 18; independent t-test, t(34) = 2.38, *p < 0.05).
Cortical neurons from VPA mice showed altered dendritic spine morphology
ASDs have also been proposed to induce profound changes in synapse connectivity in the cerebral cortex [45] [46] [47] ; however, the effects of VPA on dendritic spines of cortical neurons have yet to be elucidated. We used Golgi-Cox staining to visualize the dendritic spines of pyramidal neurons in the second and third layers of the somatosensory cortex. Reduced connectivity of the somatosensory cortex has been found in autism [48, 49] and connectivity of pyramidal neurons of the somatosensory cortex layers II/III have been studied in multiple autism-related models model [39, [50] [51] [52] . Fig. 7A shows representative images of GolgiCox stained neurons and 3D reconstructions of neurons from SAL and VPA mice. The SAL and VPA groups did not display differences in the number of dendritic spines in the second and third layers of the cortex (Fig. 7B , SAL 94.82 ± 1.51, n = 39; VPA 105.00 ± 5.00, n = 27; independent t-test, t(30.76) = −1.95, p = 0.060). Next, we identified different spine morphology and found that VPA cortical neurons showed a decrease in the numbers of filopodium-type and stubby spines but an increase in the numbers of mushroomlike and thin spines (Fig. 7C , filopodium: SAL, 2.21 ± 0.28, n = 39; VPA, 0.15 ± 0.09, n = 27; independent t-test, t(45.43) = 7.12, ***p< 0.001; thin: SAL, 31.1 ± 0.94, n = 39; VPA, 49.44 ± 4.78, n = 27; independent t-test, t(28.03) = −3.77, ***p < 0.001; stubby: SAL, 51.41 ± 1.02, n = 39; VPA, 39.11 ± 2.37, n = 27; independent t-test, t(35.73) = 4.77, ***p < 0.001; mushroom: SAL, 10.1 ± 0.4, n = 39; VPA, 16.3 ± 1.13, n = 27; independent t-test, t(32.51) = −5.18, ***p < 0.001). Furthermore, the size of the mushroom-like spine heads was significantly reduced in VPA mice compared to SAL mice (Fig. 7D, SAL, 1 .461 ± 0.027, n = 98; VPA, 0.870 ± 0.023, n = 123; independent t-test, t(219) = 16.62, ***p < 0.001).
The PTEN/AKT pathway is altered in VPA mice
Several studies have reported an interaction between PTEN and ASDs [53] . ASD patients who have PTEN mutation have structural abnormalities in the hippocampus [54] . PTEN has been identified as a regulator of neural connectivity and plasticity [55] . Western blots were performed to examine the expression of PTEN (Fig. 8A ) and p-AKT, which is a molecule directly regulated by PTEN (Fig. 8B) , in the hippocampus. Full western blot images for PTEN and p-AKT in the hippocampus and cortex were provided in Supplementary  Figs. 1 and 2 , respectively. The level of the PTEN protein was significantly reduced in the hippocampus and cortex of VPA mice (Fig. 8C , SAL 1.000 ± 0.080, n = 5; VPA 0.597 ± 0.038, n = 11; independent t-test, t(14) = 5.25 in the hippocampus, ***p < 0.001; SAL 1.000 ± 0.040, n = 5; VPA 0.549 ± 0.066, n = 11 in the cortex; independent t-test, t(14) = 4.36, ***p < 0.001). The levels of p-AKT were significantly increased in the hippocampus and cortex of VPA mice (Fig. 8D , SAL 1.000 ± 0.159, n = 4, VPA 2.195 ± 0.164, n = 11; independent t-test, t(13) = −4.09 in the hippocampus, **p < 0.01; SAL 1.000 ± 0.190, n = 5; VPA 1.730 ± 0.11, n = 10; independent t-test, t(13) = −3.49 in the cortex, **p < 0.01). We performed immunofluorescence staining to visualize PTEN expression in the CA1, CA3, and DG regions of the hippocampus as well as in the cerebral cortex. PTEN expression was decreased in the cortex, and the CA1, CA3, and dentate gyrus regions of the hippocampus in VPA mice compared to the same regions in SAL mice (Fig. 9 ).
Discussion
Here, we confirmed the persistence of behavioral, anatomical, and molecular changes that had been observed during the perinatal period of mice exposed to intrauterine VPA [13] . Currently, no viable biomarker for ASDs has been identified, and the diagnosis of ASDs is solely dependent on hallmark behavioral symptoms.
According to the DSM-5, ASDs are diagnosed by the presence of two behavioral criteria: deficits in social communication and interaction, and restricted, repetitive patterns of behaviors, interests, or activities, along with other associated traits [5] . The VPA mouse model has also shown different levels of face, construct and predictive validity, and is considered a relevant model of ASD [28, [56] [57] [58] . As shown in our previous study, VPA-treated male pups show impaired social recognition in the perinatal period [13] .
In the present study, VPA mice continued to show deficits in social communication and interaction in the home cage novel mouse exploration and three-chamber social interaction appara-tus tests. Furthermore, VPA mice also displayed restricted and repetitive behavioral patterns, as manifested by spontaneous selfgrooming, circling and walking backwards. Our results are similar to the findings from studies of PTEN knockout mouse models and haploinsufficient PTEN mice, as well as the phenotypes observed in patients with FVS and PTEN-associated autism syndrome [59, 60] . In addition to presenting deficits in social communication and interaction and restricted and repetitive behaviors, VPA mice exhibited several ASD-associated behaviors. Here, VPA mice had a higher pain threshold and no depression-or anxiety-related phenotypes. These behavioral changes are related to FVS-and PTEN-associated behavioral patterns in ASD syndrome [61, 62] .
The hippocampus is one region that has been implicated in ASDs [63, 64] . Based on recent data, ASDs may be caused by multiple genetic risk factors that interrupt the development and function of brain circuits important for social cognition and language [65] . Prenatal VPA exposure increases embryonic neurogenesis, which leads to a depletion of the neural precursor cell pool and subsequently decreases the level of adult neurogenesis in the hippocampus [66] . Similarly, mutations in Pten have been reported in families with ASDs complicated with macrocephaly [14] , and Pten-deleted adult neural progenitor cells display increased rates of proliferation and differentiation and develop into hypertrophied neurons; this increased differentiation rate leads to the early depletion of neural stem cells [67] . We previously observed hypocellularity in the hippocampal CA1-subculum region at PND 13 [13] . The present results confirm that hypocellularity persists until adulthood. Our results are also consistent with the observed hypocellularity in the CA1 region of PTEN haploinsufficient mice [18] . The CA1 region has recently been shown to play a vital role in social memory [68] . Furthermore, mice with Pten-deleted neural progenitor cells show decreased social interactions and hypocellularity [67] . Thus, hypocellularity in the CA1 area may be attributed to a combination of prenatal VPA exposure and reduced PTEN expression, which together cause the decreased social interactions observed in VPA mice.
Synaptic abnormalities may be one root cause of the behavioral changes, and our previous study of cortical neuron cultures obtained from VPA-exposed embryos showed an increase in dendritic spines [13] . However, mature VPA mice did not show an increase in overall spine density on the pyramidal neurons in the 2nd and 3rd layers of the cortex in this study. Instead, our data revealed dimorphic changes to dendritic spine morphology in VPA mice: an increase in mushroom and thin spines, and a decrease in filopodium and stubby spines. Spine morphology reflects the maturation of dendritic spines [69] , and it is known that thin and filopodium spine types are immature, while stubby and mushroom type spines are attributes of mature spines [70] . Several studies have reported spine morphology alterations associated with abnormal synaptic functions in ASD related mouse models [71] [72] [73] . Interestingly, the increase in mushroom spines in VPA mice cortical neurons was accompanied by a reduction in head diameter. This reflects a declining area of the postsynaptic density (PSD) and a concomitant weakening of synaptic strength [74] . These results contradict those of a different study reporting that Pten knockout neurons show a decrease in the number of thin spines and an increase in the mushroom spine head diameter [75] . However, the distinctions between the studies may be due to the difference in brain regions, species and methodology. Mushroom spines with small heads are known to be motile and unstable, and contribute to weak or silent synaptic connections [76] . Since a change in the proportion and size of mushroom spines was observed in VPA mice, further investigations of the significance of the mushroom-type spines in the context of ASD-related behaviors may be beneficial. The absence of changes in the total number of spines may be due to a compensatory mechanism during development, which is the rationale for behavioral treatments in animal models and children with autism [77, 78] . These results are consistent with the findings from other ASD models, such as FMRP and PTEN mice, suggesting that cortical synaptic plasticity may be compromised in VPA mice [79, 80] . In addition, brain and body weights were reduced in VPA mice, whereas the ratio of brain/body weight was increased. Thus, VPA exposure results in delayed growth and proportionally larger brains. These results are consistent with the growth retardation observed in FVS, as well as the macroencephaly observed in subjects with PTEN mutations [14, 60] . Further studies determining the role of PTEN in neuronal spine morphology will be essential for elucidating the pathophysiology of ASD.
Research into genetic disorders and neurological syndromes that share high comorbidity with ASDs revealed that an underlying disturbance in cellular signaling pathways may act as a common pathway for many of these disorders [81] . Alterations in the PI3K/AKT pathway result in many brain function abnormalities [14, 15, 82] , including ASDs [16] . In particular, PTEN may be a significant regulator of this pathway in mediating the ASD phenotype. Mutations in PTEN have been linked to the phenotype of autism associated with macrocephaly [14] . Conditional PTEN knockout mice show several behavioral similarities to VPA mice and show an increase in spine density in hippocampal and cortical pyramidal neurons [83] . Consistent with our previous findings, prenatal exposure to VPA reduces PTEN expression in the cortex and hippocampus, and our current findings suggest that the decrease in PTEN expression is a continuing pathophysiological occurrence.
The interactions between environmental and genetic risk factors in ASDs will be an important area of investigation, as the complementary contributions of the two types of factors may enhance the etiological strength to achieve a pathological state in the brain and result in subsequent behavioral abnormalities. VPA mice and Pten-mutant mice share common behavioral, neuroanatomical and molecular hallmarks of ASDs. Interestingly, drug treatment of PTEN haploinsufficient mice and in utero exposure to VPA produces similar results in reducing behavioral abnormalities [84, 85] . Based on the results from the present study, decreased PTEN expression occurs continuously throughout development and maturity in VPA-exposed mice, and PTEN represents an important potential therapeutic target for ASDs.
